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DEFIBRILLATION DISCHARGE CURRENT 
SENSOR 

BACKGROUND OF THE INVENTION 

This invention relates to transcutaneous pacemakers 
and de?brillators. 
Emergency techniques for cardiac therapy are essen 

tial for successfully treating life threatening cardiac 
conditions. The most common of such conditions is 
ventricular ?brillation, in which the electrical pulse 
generators in the cardiac muscle ?brillate asynchro 
nously, causing chaotic muscle contraction. The other 
common cardiac threat is loss of pacing, in which the 
pacing stimulus nerves of the cardiac muscle fail to 
initiate contraction of the muscle. 

Ventricular ?brillation is treated with a high energy 
electrical pulse, called a de?brillation pulse, which is 
transcutaneously delivered to the heart to resynchro 
nize the heart’s pulse generators. Loss of pacing is 
treated using a transcutaneous pace maker to deliver 
pacing current pulses to the heart and thereby maintain 
cardiac contractions. 

Frequently a patient in cardiac distress experiences 
both the conditions of ?brillation and loss of pacing. In 
order to most ef?ciently treat this situation, both de? 
brillation and external pacing equipment are typically 
combined in a single portable instrument for emergency 
personnel convenience. Such an instrument includes a 
pair of transcutaneous pacing electrodes and corre 
sponding pacing circuitry, as well as a pair of de?brilla 
tion electrodes and corresponding de?brillation cir 
cuitry. In addition, the instrument may include a spe 
cialized multifunction electrode pair which can deliver 
both pacing and de?brillation pulses when used with 
appropriate connections to the pacing and de?brillation 
circuitry. In either case, a hardware relay scheme typi 
cally isolates operation of the pacing circuitry from the 
de?brillation circuitry. 

Typically, a hardware relay scheme isolates opera 
tion of the pacing circuitry from the de?brillation cir 
cuitry to thereby isolate the circuitry outputs. When 
separate pairs of pacing and de?brillation electrodes are 
used with the circuitry, the relay scheme decouples the 
two circuits. Conversely, when the multifunction elec 
trode pair is used, the relay scheme couples the circuits 
to a common output so that the pacing stimuli and de? 
brillation pulses may be delivered to a single electrode 

- pair. Such relays, being required to withstand the de? 
brillation pulse, are quite bulky and rather expensive, 
and must be isolated from any surrounding transformers 
that could trigger their activation. 

De?brillation electrodes are usually mounted one 
each on a hand-held paddle which includes a pressure 
activated switch for initiating the de?brillation dis 
charge of energy to a patient. Because this energy is 
high enough to be lethal if delivered at the wrong time 
or to the wrong location, the paddle switches are both 
connected in series with the discharge circuitry. If one 
switch is unintentionally activated alone, no discharge 
will result; only the simultaneous activation of both 
switches will initiate a discharge. However, if one 
switch is held closed (activated) as a result of a hard 
ware malfunction, activation of the other switch would 
result in unintentional de?brillation discharge. 
The electrical current generated by the de?brillation 

discharge circuit for delivery to the patient is typically 
monitored to check the integrity of the circuit and to 
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2 
study the physiological effects of the discharge. This 
current may reach as much as 125 A, and the corre 
sponding voltage of the discharge may reach as much as 
5000 V. conventionally, the current is monitored using 
a current transformer whose primary winding is con 
nected in series with the discharge circuit. The second 
ary winding of the transformer is then connected to a 
sensing circuit for measuring the current level. The 
particular choice of transformer is based on the require 
ment that the component withstand the high current 
and voltage levels of discharge circuit. 

It is desirable to frequently test the de?brillator dis 
charge circuit for functionality, due to the critical na 
ture of the emergency situations in which it is needed. 
Traditionally, such a test is accommodated by provid 
ing a characteristic load, say 50 (2, into which the cir 
cuit may be energized to simulate discharge into a pa 
tient. The 50 .0 load resistor is typically contained either 
within the de?brillator equipment or within a separate 
testing apparatus, with a connection through the equip 
ment housing for contact to the de?brillator electrodes. 

Because the de?brillator discharge’s high energy 
(about 360 j) is delivered in a short time (90% in about 
3 msec), the peak power requirement of the load resistor 
exceeds 100 KW. The resistor must be well ventilated 
because the average power may exceed 30 watts, result 
ing in signi?cant resistive heating. Additionally, a size 
able resistor is required to withstand the discharge’s 
peak voltage of as much as 2500 V. The high voltage 
also requires the electrical connection from the de?bril 
lator electrodes to the resistor to regularly withstand 
such voltage. Finally, the electrical connection on the 
equipment housing to the resistor must be isolated to 
prevent accidental contact by an operator; discharge of 
the circuit with only one electrode connected to the 
resistor while an operator touches the resistor would 
dump the high voltage across the resistor to the opera 
tor. 

SUMMARY OF THE INVENTION 

In general, in one aspect, the invention features a 
scheme for determining the current in a de?brillation 
pulse discharge circuit which has an inductor with a 
characteristic inductance for shaping the de?brillation 
pulses. In the invention, a sense winding is wound 
around the inductor for developing a sense voltage 
between the ends of the winding in response to the 
current in the inductor as a de?brillation pulse is dis 
charged by the circuit. This sense voltage is measured, 
and based on the sense voltage and the characteristic 
inductance of the inductor, the current in the de?brilla 
tion discharge pulse is determined. The invention elimi 
nates the need for any direct electrical connections to 
the discharge circuit for monitoring the circuit, and in 
particular, eliminates the need for a current transformer 
to be included directly in circuit for measurement of the 
circuit current. ‘ 

In preferred embodiments, the voltage measurement 
circuitry is connected to the ends of the sense winding 
and current monitoring circuitry is connected to the 
voltage measurement circuitry for measuring the sense 
voltage and determining the current in the discharge 
circuit based on the sense voltage and the inductance. In 
more preferred embodiments, the sense voltage is sam 
pled by a microprocessor and is integrated over time to 
determine the discharge circuit current; the inductor 
comprises a IOOO-turn air core choke; and the sense 
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winding is a copper band which is isolated from the 
choke by a layer which can withstand 7500 V. 

Other features and advantages of the invention will 
be apparent from the following description of a pre 
ferred embodiment and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of a portable transcuta 
neous pace maker and de?brillator unit. 
FIG. 2 is a schematic of the pacing circuitry and 

de?brillation circuitry in the unit of FIG. 1 and illus 
trates the circuitry interconnection of the invention. 
FIG. 3A is a perspective view of a conventional cable 

connector for use with the unit of FIG. 1. 
FIG. 3B is a perspective view of a multifunction 

cable connector for use with the unit of FIG. 1. 
FIG. 4A is a perspective view of an instrument con 

nector for use with the connectors of FIG. 3. 
FIG. 4B is a cross sectional view taken at 4B—-4B in 

FIG. 4A of two high voltage connection pins used in 
the cable connector of FIG. 4A. 
FIG. 5 is a schematic of the de?brillator electrode 

switches of the invention. 
FIG. 6 is a schematic of the de?brillation discharge 

circuit and sensing circuit of the invention. 
FIG. 7A is a perspective view of the inductor in the 

circuit of FIG. 6. 
FIG. 7B is a perspective view of the inductor of FIG. 

7A and the sense winding in the circuit of FIG. 6. 
FIG. 8 is a is another perspective view of the pace 

maker and de?brillator unit of FIG. 1, taken from an 
other angle and showing, with portions partially broken 
away, a short circuit bar for use with the de?brillator 
paddles. 
FIG. 9A is a plot of the voltage waveform developed 

by the sense winding of FIG. 7 in response to the cur 
rent in the inductor of FIG. 7. 
FIG. 9B is a plot of the current waveform corre 

sponding to the voltage waveform of FIG. 9A when 
that waveform is integrated. 
FIG. 10 is a block diagram of the microprocessor 

used to generate measurements from the output of the 
sensing circuit in FIG. 7. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring to FIG. 1, there is shown a portable de?b 
rillator and pacing unit 10 for providing de?brillation 
energy pulses and transcutaneous pacing stimuli to a 
patient in cardiac distress. Such a unit is available from 
2011 Medical Corporation of Woburn, Mass. under the 
product name PDI400. 
The portable unit 10 includes a cable connector 12 for 

connecting a pacing electrode cable 14 and de?brilla 
tion electrode cables 16 to pacing circuitry and de?bril 
lation circuitry, respectively (shown in FIGS. 2 and 6), 
located within the unit. Hand held de?brillation elec 
trode paddles 18, which mechanically support the de? 
brillation electrodes (shown in FIG. 8) are connected to 
the opposite end of the de?brillation electrode cables. 
A screen 20 is provided on the portable unit for dis 

playing operational modes and test results, which are 
programmed by various operator-controlled switches 
and knobs 22. Finally, the portable unit includes a 
power supply compartment 24 for holding a portable 
battery or other power source. 

Referring to FIG. 2, the de?brillation circuitry 30 
included in the portable unit comprises a discharge 
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4 
energy generator 32 for charging a discharge capacitor 
34 to a de?brillation discharge energy speci?ed by the 
operator. A switch 36 connects the capacitor to the 
discharge energy generator, and when the switch is 
activated by control circuitry (not shown) discharges 
the capacitor across the positive and negative de?brilla 
tion outputs 40A and 40B, respectively. The capacitor is 
preferably of 46 microfarads and can withstand 5000 
volts across its terminals. An inductor 38 is in series 
with the capacitor for shaping the de?brillation pulse as 
the capacitor is discharged. The inductor is preferably 
of 20 rnillihenries and has an associated winding resis 
tance of about 13 Q. 
The pacing circuitry 42 included in the portable unit 

comprises an electronic pace generator 44 for generat 
ing pacing stimuli and timing the delivery of the stimuli 
at the pacing circuitry positive and negative pacing 
outputs 46A and 46B, respectively. In series with the 
positive output 46A is a positive blocking diode 48A 
connected so that it is forward biased by the positive 
sense of the pace stimuli. Similarly, in series with the 
negative output 46B is a negative blocking diode 48B 
connected so that it is forward biased by the negative 
sense of the pace stimuli. The blocking diodes act to 
isolate the pace generator 44 from the typically high 
energy de?brillation discharge pulses, as discussed be 
low. Preferably, both of the blocking diodes can with 
stand a reverse voltage of at least 5000 V and a forward 
current surge of at least 25A; such a surge could occur‘ 
if the de?brillation circuit is unintentionally reverse 
connected to the pacing circuit. 
Both the positive and negative de?brillation circuitry 

outputs 40A and 40B and the positive and negative 
pacing circuitry outputs 46A and 46B are tapped into an 
instrument connector 49 in the portable unit housing for 
connection with either a conventional mating connec 
tor 12, shown in FIG. 1, or a multifunction mating 
connector 53, described below. In the conventional 
mating connector 12 two pins 50A and 50B correspond 
to the positive and negative de?brillation circuitry out 
puts 40A and 40B, respectively, while two pins 52A and 
52B correspond to the positive and negative pacing 
circuitry outputs 46A and 46B, respectively. The de? 
brillation pins 50A and 50B are connected to de?brilla 
tion cables 16 and corresponding electrode paddles 18, 
as shown in FIG. 1, for application of de?brillation 
discharge pulses to a patient. Likewise, the pacing pins 
52A and 52B are connected to a pacing cable 14 for 
connection to pacing electrodes positioned on a patient. 

In the multifunction mating connector 53, two pins 
54A and 54B correspond to the positive and negative 
de?brillation circuitry outputs 40A and 40B, respec 
tively, while two pins 56A and 56B correspond to the 
positive and negative pacing circuitry outputs 46A and 
46B, respectively, just as in the conventional mating 
connector. However, in the multifunction connector 
the positive de?brillation output pin 54A and the posi 
tive pacing output pin 56A are connected together; 
similarly, the negative de?brillation output pin 54B and 
negative pacing output pin 56B are connected together. 
The positive pin connection 54A to 56A and the 

negative pin connection 54B to 56B each are connected 
to a single positive cable line 58A and a single negative 
cable line 58B, respectively; the single pair of cable lines 
carry either de?brillation discharge pulses or pacing 
stimuli to a pair of multifunction electrodes (not shown) 
via a multi use connector 60. This multifunction elec 
trode scheme provides an advantage over the conven 
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tional connector and electrode scheme by requiring 
only one pair of electrodes to be positioned on a patient, 
rather than both a de?brillation pair and a pacing pair. 
However, by connecting the positive circuitry pins 
together in the multifunction connector 53 itself, rather 
than in the instrument connector 49, the circuitry con 
nector 49 is compatible with both the conventional and 
the multifunction electrode schemes and the operator 
may choose one as appropriate. 
When in the multifunction connector and electrode 

con?guration, output signals of the de?brillation cir 
cuitry are coupled to the pacing circuitry, and output 
signals of the pacing circuitry are coupled to the de? 
brillation circuitry. Thus the connector and circuit wir 
ing must be able to carry the 25 A potentially developed 
in the discharge circuitry. Furthermore, the positive 
and negative connection pins in the connectors must 
meet high voltage and current speci?cations, as dis 
cussed below. 
High energy discharge pulses generated by the dis 

charge circuitry would damage the pace generator 44 of 
the pace circuitry if it were not isolated by the blocking 
diodes 48A and 48B. While the diodes are positioned to 
be forward biased by the pace generator pacing stimuli, 
the diodes are reversed biased with respect to the de? 
brillation circuit discharge pulses, and so block these 
pulses from the pace generator. Conversely, pacing 
stimuli generated by the pacing circuit are not blocked 
from coupling to the discharge circuit because the dis 
charge circuit comprises only one passive component, 
an inductor, when the pacing circuit is operating. Be 
cause the inductor is designed to withstand the high 
energy de?brillation pulses, it easily withstands the 
much lower energy pacing stimuli. Thus, without the 
use of mechanical isolators such as relays, the blocking 
diodes isolate the pacing circuitry from the high energy 
de?brillation circuitry, while eliminating the typical 
space requirements and cost of mechanical isolators. 

Referring now to FIG. 3A, the conventional mating 
connector 12, also shown in FIG. 1, is connected to a 
pacing cable 14 which delivers the pacing circuitry 
outputs 46A and 46B (FIG. 2) to pacing electrodes 
placed on a patient. Separate de?brillation cables 16 
deliver the de?brillation circuitry outputs 40A and 408 
to de?brillation electrode paddles for placement on the 
patient. The two sets of cables and the disconnected 
output pins in the connector isolate the pacing and 
de?brillation circuitry from each other. 
As shown in FIG. 3B, the multifunction mating con 

nector 53 is connected to a single cable 58 for delivering 
both de?brillation pulses and pacing stimuli on a single 
positive cable line 58A and a negative cable line 58B 
(FIG. 2) The cable 58 leads to a multifunction electrode 
connector 60 which attaches to a single pair of patient 
electrodes for both transcutaneous pacing and de?bril 
lation. The blocking diodes in the pacing circuit are the 
only means used for‘isolating the discharge pulses from 
the pacing circuitry in this multifunction scheme. 
The instrument connector 49, shown in FIG. 4A with 

its cover 62 pulled back, includes a number of pin con 
nections, four of which are high voltage pins 63 posi 
tioned in high voltage labyrinth barrels. Each of the 
four barrels corresponds to one of the four outputs from 
the pacing and de?brillation circuitry, the positive and 
negative discharge outputs 40A and 40B and the posi 
tive and negative pacing outputs 46A and 46B. The 
other pins correspond to low voltage control leads and 
other wiring necessary for the circuitry. 

O 
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When mated with either the conventional connector 

or the multifunction connector, the instrument connec 
tor high voltage barrel pins 63 mate with corresponding 
mating pins 66. The pin connections meet the IEC 601 
Part 2 safety speci?cation for de?brillation equipment; 
two adjacent pin connections can withstand the applica 
tion of 7500 V between them, and the shortest electrical 
path 68-70 between two adjacent pin connections, 
called the creepage distance, is not less than 15 millime 
ters. 

Referring now to‘ FIG. 5, a relay coil or solenoid 81 
actuates the medical grade relay switch 36 (FIG. 2). 
The relay coil is connected at one of its terminals to a 
dual 10 V and 20 V power supply 82, 84, and a 470 
microfarad capacitor 90 connected to ground 92 for 
increasing the speed of the relay switch activation. The 
relay coil is actuated when its other terminal is con 
nected to ground by the simultaneous closure of three 
switches. One of these switches is a MOS transistor 
switch 94 whose gate 96 is connected to a control cir 
cuit such as a microprocessor. A 56 KO shunt resistor 
98 is connected across the MOS transistor for sensing 
the on or off state of the transistor, as discussed below. 
The MOS transistor is biased by a 2 K0. resistor 100 and 
a 100 KO. resistor 102. 
The positive input of an operational ampli?er 104 is 

connected to the MOS transistor sense network 100, 102 
and a zener diode 106 having a 4.3 V avalanche voltage. 
The negative input and the output of the operational 
ampli?er 104 are both connected to a network of two 2 
K0 resistors 108, 110 and a 0.1 microfarad capacitor 
112 which together act as a voltage ?lter. In this con?g 
uration, the operational ampli?er acts as a voltage fol 
lower for sensing the voltage level of the junction 97 of 
the MOS transistor and the de?brillation paddle 
switches, as described below. The voltage sense line 114 
is connected to the same microprocessor that is con 
nected to the gate of the MOS transistor, for control of 
the transistor, as described below. The microprocessor 
digitizes the analog sense voltage and activates the tran 
sistor accordingly. 
The MOS transistor 94 and its shunt resistor 98 are 

connected to a pin in the instrument connector 49 (FIG. 
2). When this connector is mated with either the con 
ventional mating connector 12 (as shown) or the multi 
function connector, the MOS transistor and its shunt 
resistor are connected in series with two mechanical 
switches 116, 118. The switches are rated to withstand 
the l A required by the discharge relay coil. Using the 
conventional connector 12, the ?rst switch 116 is lo 
cated in one electrode paddle 120 while the second 
switch 118 is located in the other electrode paddle 122. 
Conversely, if the multifunction connector is used as 
shown in FIG. 3B, both switches 116, 118 are con 
nected to buttons 55 located on the multifunction con 
nector housing 53. In either case, the switches are pres 
sure activated by pressing a depressible push button. 
The switches are electrically connected in series via a 

60 jumper wire located in the connector; both the conven 
tional and multifunction connectors provide this jumper 
wire. One of the other switch terminals is connected to 
ground via another pin in the connector and the corre 
sponding pin in the instrument connector. 
Each of the two switches 116, 118 has a 10 KO. shunt 

resistor 124, 126, respectively, connected across the 
switch. Accordingly, when the switches are open, the 
discharge energy generation circuit is completed by the 
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two shunt resistors and when the switches are closed 
the circuit is completed by two direct connections. 

Both of the two mechanical switches and the MOS 
transistor switch can assume two impedance states: a 
high impedance state when open (or off), and a low 
impedance state when closed (or on). Being all con 
nected in series, these three switches provide a scheme 
for sensing the appropriate time to activate the de?bril 
lation discharge circuit and a scheme for verifying the 
integrity of the switches. 
Both the mechanical switches and the MOS switch 

are normally open; the small current ?owing in the 
shunt resistors 98, 124, 126 in this condition is low 
enough that the discharge relay coil 98 is not activated. 
In this condition, the voltage produced at the MOS 
paddle switch junction 97 is determined by the bias 
resistors 98, 100, 102, 124, 126 and the supply voltage 

5 

10 

15 

82; this is about 2.6 volts for the resistor values shown in - 
FIG. 5. Closure of either paddle switch 116, or 118 will 
remove one of the corresponding resistors 124, or 126 
from the bias network by short it out. The resulting 
sense voltage 114 Will therefor change to about 1.9 
volts and be sensed by the microprocessor. The sensing 
of this condition triggers the microprocessor to indicate 
that the switches should be tested for failure. 
When an operator presses both paddle switches, the 

MOS transistor is connected to ground, and the sense 
voltage decreases to a low value, at or near ground. 
Upon detection of this low voltage, the microprocessor 
triggers the gate 96 of the MOSFET, thereby turning 
the transistor on. Then with all three of the switches 
closed, the discharge relay activates. 
When both switches are open, the MOS transistor 

may be tested in two ways. First, if it has failed in an 
“on” condition it will short out its shunt resistor 98, 
thereby increasing the sense voltage to a high level, 
between 4.0 and 4.5 volts, which is set by the zener. 
diode 106 and the protection resistor 102. Second, if the 
transistor is in the “off’ state, it may by turned “on” for 
a short time, say 2 msec, by the microprocessor, and the 
resultant voltage change monitored to check its inte 
grity—if functioning the sense voltage would increase. 
Similarly, if the relay coil is broken, or its connector has 
a faulty contact, the loss of the bias voltage 82 will 
change the sense voltage 114 to indicate such a fault. 

Table 1 below tabulates the six possible different 
voltage values at the sense line based on the six possible 
states of the three switches when the electrode resistors 
have the same shunt resistor values, as in FIG. 5. 

TABLE 1 
Transistor/Relay States: Trans. Trans. Coil 
Mech. Switch States: Off ShortedOpen 

Both Open 2.57 V 4.31 V 0.72 V 
Both Closed 0.18 V 0.55 V 0.18 V 
One Open 2.04 V 4.30 V 0.58 V 

Based on the voltage values of Table l and a possible 
power supply range of 8 V-12 V, Table 2 below gives 
ranges for the sense voltage which indicate each of the 
various switch states, as well as electrode and transistor 
conditions. 

TABLE 2 

Switch States: Voltage Range 

Trans. off, mech. switches open 2.3 V-2.9 V 
Trans. off, one mech. switch open 1.7 V-2.3 V 
Trans. off, mech. switches closed 0.1 V—0.3 V 
Relay coil unplugged 1.0 V—l.4 V 
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8 
TABLE 2-continued 

Voltage Range Switch States: 

Transistor shorted 

Ideally, for a given power supply voltage, the three 
shunt resistors are chosen such that the voltage range 
for each of the possible switch conditions is distinct and 
the various ranges do not overlap. For example, the 
condition of both mechanical switches closed and the 
transistor turned off corresponds to a voltage range of 
0.1 V——0.3 V, from Table 2, while the condition of one 
mechanical switch stuck closed and the transistor 
turned off corresponds to a voltage range of 1.7 V-2.3 
V. The large differential between these two ranges 
ensures that the microprocessor does not misinterpret 
the switch conditions. 

Further differentiation between each possible switch 
state could be accomplished using a different valued 
shunt resistor for each of the three resistors. Then eight 
different switch combinations may be detected. More 
generally, any circuit element having a characteristic 
impedance or voltage differential may be used in place 
of the shunt resistors. For example, a zener diode with 
a characteristic voltage drop may be shunted across the 
switches. In addition, circuit elements may be only 
temporarily connected in the circuit across the switches 
while the functionality of the switches is tested, rather 
than permanently installed in the circuit. In either case, 
the shunt resistance scheme allows for both precise 
triggering of the de?brillation discharge circuit and 
testing of the circuit’s functionality. 

Referring now to FIG. 6, the de?brillation discharge 
circuit 30 is shown in detail. When the discharge energy 
switch 36 is closed across the circuit, the discharge 
energy capacitor 34 is discharged to the de?brillation 
electrode paddles 18, shown schematically. The capaci 
tor forms an RLC circuit with the pulse shaping induc 
tor 38, the thoracic resistance 130 of the patient to 
which the paddles 18 are connected, and a parasitic 
winding resistance 132 corresponding to the inductor 
winding. The characteristic values of each of the capac 
itive, resistive, and inductive components in the circuit 
determine the energy and shape of the de?brillation 
output pulses. 
As the capacitor 34 is discharged, current flowing 

through the inductor winding generates lines of mag 
netic ?ux 134 around the winding turns and through the 
winding core. Taking advantage of this, a flux sense coil 
136 is positioned with respect to the inductor such that 
the current in the inductor, and thus the current in the 
discharge circuit, can be monitored without direct con 
nection to the circuit. The flux sense coil 136 comprises 
a conductor which encircles the inductor-produced 
lines of magnetic ?ux 134 at least once; electrical volt 
age is thereby developed in the sense coil in correspon 
dence to the level of magnetic flux change, and thus, the 
level of current change in the inductor. 
This flux coupling between the inductor and the sense 

winding is detected by circuitry comprising a bias volt 
age supply 138, set at 5 volts, two bias resistors 140, 142, 
set at 2 K0 and 500 K0, respectively, and a smoothing 
capacitor 144, set at 0.1 microfarads. A voltage sense 
line 146 senses the voltage of the circuitry, which de 
pends on the level of ?ux coupling in the sense coil and 
the design of the coil; the greater the number of sense 
coil turns, the higher the corresponding current and 
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voltage. The voltage sense line is connected to a moni 
toring circuit, here a microprocessor 200 (FIG. 10), for 
determination of the discharge circuit current level, and 
hence the discharge pulse current waveform. 
With reference to FIG. 10, the microprocessor 200 

determines the pulse current waveform by sampling the 
voltage sense line 146 over the duration of the capacitor 
discharge to produce digitized voltage values 201 by 
sampling means (210). Then the voltage values 201 are 
numerically integrated over the duration of the dis 
charge and scaled by the inverse of the inductor value 
by current monitoring means 211 to determine corre 
sponding current level values 202. These current values 
202, which represent the pulse waveform current, are 
stored by storage (212) for further processing, such as 
peak current detection (213), discharge circuit load 
resistance determination (214), or pulse energy determi 
nation (216). 

In place of a digital processor such as the micro 
processor 200, hardware circuitry may process the 
sense coil signals to determine the discharge circuit’s 
current waveform. Voltage values of the sense voltage 
line 146 are here digitized by a hardware analog-to-digi 
tal convertor and then integrated and scaled by an oper 
ational ampli?er con?gured as an integrator. Peak cur 
rent detection, load resistance determination, and en 
ergy determination processing may then be accom 
plished using further hardware circuit schemes. 
As shown in FIGS. 7A and 7B, the pulse shaping 

inductor 38 is constructed of conductive windings 
wound around an air core 150. Each winding layer is 
isolated by an insulating layer 152 of epoxy impregnated 
paper. Exit leads 154 for series connection in the dis 
charge circuit are located at each end of the winding, 
which completes l000 turns around the air core. 
The sense coil 136 is wrapped around the center 

winding of the inductor, and is electrically isolated from 
the inductor by several layers of epoxy impregnated 
paper. Other isolation schemes may be used, but must 
withstand the 7500 V which can develop between the 
coil and winding before breaking down. Sensing exit 
leads 156 are connected at each end of the coil for con 
nection to the sense circuitry. 

Additionally, the sense coil should occupy minimum 
space to keep the unit small and light. To effectively 
meet all of the above requirements, the sense coil is 
formed of a 5 inch-wide copper band comprising a 0.005 
inch-thick copper layer and a 0.0015 inch-thick adhe 
sive layer. This coil con?guration is advantageously ?at 
and easily positioned on the inductor winding. How 
ever, any effective conductor which can meet the dis 
charge circuit’s electrical requirements may be used as 
the coil, in any desired number of turns which generates 
a desired level of sense current and voltage. 

Referring now to FIG. 8, the portable unit 10 in 
cludes design features for conveniently discharging the 
de?brillation discharge circuit to test its functionality. 
As shown in FIG. 2, the discharge circuit is connected 
via either a conventional mating connector or a multi 
function connector to a pair of de?brillation electrodes. 
If the conventional scheme is used, the discharge circuit 
connects to a pair of hand held de?brillation paddles 18, 
shown in FIG. 8. Each paddle supports a de?brillation 
electrode 160 on its underside for application to the 
chest of a patient. 
When not in use, the de?brillation paddles 18 are 

stored in a well 162 on the portable unit 10. The top side 
of the paddles are slid under a ledge 164 for securing the 
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10 
paddles in place on the unit housing with the electrodes 
160 facing the housing. At the back of the well 162 is a 
conducting shorting bar 166 which lies on the well 
bottom and extends laterally under the ledge 164 to lie 
under the electrodes 160 when the paddles are pushed 
completely into the well. The lateral edges of the short 
ing bar 166 are ?ared upward to exert a positive con 
tacting force on the electrodes when they are in place 
over the bar. 
When the de?brillation discharge circuit is dis 

charged and the electrode paddles 18 are in place in the 
well such that the electrodes 160 contact the shorting 
bar 166, a de?brillation pulse is discharged across a 
short circuit, rather than the thoracic resistance of a 
patient. As explained below, this discharge pulse is 
monitored to analyze its characteristics for verifying the 
acceptability of the pulse. The location of the shorting 
bar in the paddle well 162 is particularly advantageous 
because it prevents contact to the bar by an operator 
during a test discharge. As discussed above, the de?bril 
lation circuit signals may reach quite high levels of 
voltage and energy, and thus operator coupling to the 
circuit must be prevented. In its position in the paddle 
well, the shorting bar is covered by the paddles and 
inaccessible to operator contact. However, the shorting 
bar may be located at any convenient position on the 
portable unit, or even detached from the unit. 

Referring again to FIG. 6, during a discharge circuit 
test into the shorting bar, the thoracic load resistance 
130 is replaced by a short circuit. As the de?brillation 
pulse is discharged into the short circuit, the ?ux sense 
coil 136 is coupled to the discharge inductor 38 to pro 
duce a sense voltage, and the sense voltage line 146 is 
monitored by a microprocessor 200 (FIG. 10) to ana 
lyze the discharging pulse. Alternatively, a current 
transformer, or some other sensing component con 
nected in the circuit could-monitor the current. 

Referring again to FIG. 10, in the sense coil scheme 
described above, once the de?brillation discharge is 
initiated, the microprocessor (connected to the sense 
voltage line 146) digitally samples (210) the sense volt 
age line at 60 microsecond intervals and stores (212) the 
sampled values. The discharge is ended after 25 milli 
seconds when the discharge capacitor switch is discon 
nected from the inductor discharge circuit. A plot 170 
of the stored voltage samples, as shown in FIG. 9A, 
illustrates that the voltage initially rises to some peak 
voltage 172, after which it falls to a valley voltage 174, 
and then levels off at a ?nal voltage 176. The peak 
voltage 172 is typically reached about 6 milliseconds to 
8 milliseconds after the discharge has been initiated, and 
the ?nal voltage 176 is typically reached about 20 milli 
seconds later. 
The microprocessor 200 post-processes the stored 

voltage data to reconstruct the voltage waveform and 
convert it to a corresponding current waveform. First 
each voltage sample 201 is measured to locate the ?rst 
samples having a voltage value that is at least about 
25% greater than the previous values. This indicates the 
start of the voltage waveform. Then a number of the 
previous values, say 6, are remeasured and averaged to 
determine the baseline or quiescent, value of the wave 
form. This baseline is de?ned to be zero volts. 
Having determined the waveform baseline, each sam 

ple value starting with the ?rst sample above baseline is 
numerically integrated and scaled by current monitor 
ing means (211) to produce current values 202 corre 
sponding to the voltage values (201). As part of the 
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integration computation, the baseline value is sub 
tracted from each integrated value so that only the 
waveform value is added in the integration. At the end 
of the integration interval, the last current value should 
be zero. If it is not zero, the last current magnitude is 
measured and proportionately subtracted from all the 
previous current values to set the baseline value at zero. 
A plot of the corresponding current waveform as 

shown in FIG. 9B illustrates that the current rises to a 
peak current value 182 and then falls off to a valley 
current value 184, after which it settles to a ?nal current 
value 186, which is adjusted to be zero. The current 
peak 182 corresponds to the ?rst zero crossing 173 of 
the voltage waveform and the current valley 184 corre 
sponds to the second zero crossing 175 of the voltage 
waveform. The magnitude of the current peak and val 
ley is determined by the value of the discharge induc 
tor’s parasitic resistance (132 in FIG. 6), and thus any 
changes in the resistance are reflected in the sampled 
values. As discussed below, the waveform values are 
adjusted accordingly to compensate for any resistance 
changes. 
The current peak value 182 is detected by measuring 

the current value sample 202 located between 0.5 milli 
seconds and 2.5 milliseconds by peak current detection 
(213). Once a peak value is located, it is added to the 
three current samples preceding it and the three current 
samples following it to produce a 7 sample peak sum. 
Similarly, the current valley value 184 is detected by 
measuring the current value samples 202 located be 
tween 3.0 milliseconds by valley current detection (215) 
and 6.0 milliseconds. Once a valley value is located, it is 
added to the three current samples preceding it and the 
three current samples following it to produce a 7 sample 
valley sum. The peak and valley sums are then stored by 
storage (272) for later computations. 
A ratio of the peak current sum to the valley current 

sum is then computed. This ratio is used to determine 
any necessary adjustments in the peak current to com 
pensate for changes in the discharge inductor’s parasitic 
resistance. As mentioned above, this resistance may 
vary; it is particularly dependent on temperature. At 25° 
C., the resistance of the 1000 turn winding is about 130, 
but the resistance changes by -0.4% for each °C drop. 
Thus, for the range of expected operating temperatures, 
the parasitic resistance ranges from 10 (1-14 (I. 
As the parasitic resistance varies, the peak current 

varies accordingly, because the resistance is part of the 
RLC circuit which generated the pulse current. The 
valley current also varies according to the parasitic 
resistance, and is more strongly effected by resistance 
changes than is the peak current. With a high load resis 
tance, such as the typical 50 Q thoracic patient resis 
tance, the current waveform would exhibit no valley 
current. At a load resistance of about 25 Q, the circuit 
would be critically damped, and exhibit a slight current 
valley. With a short circuit load, as in the discharge test 
described above, the magnitude of the valley reaches 
about 30-35% of the peak current magnitude. If the 
parasitic resistance decreases due to a temperature de 
crease, the valley current will increase more than the 
peak current will increase and will thereby produce a 
smaller peak to valley current ratio than at a higher 
temperature. In the limiting case, if the resistance of the 
RLC circuit dropped to zero, the current peak and 
valley would be equal and the waveform would never 
dampen out. 
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The current peak is adjusted based on a comparison 
of the computed peak to valley current ratio and a range 
of prespeci?ed peak to valley current ratios. At 25° C. 
and a discharge energy of 100 joules, the ratio is ex 
pected to be 3.1. If the temperature is below 25° C. that 
ratio will be lower than 3.1, while the ratio will be 
higher than 3.1 if the temperature is above 25° C.; the 
change in the parasitic resistance described above ef 
fects this ratio change. 

If the computed ratio is less than 3.1, then the ad 
justed peak current sum Ipeak' is computed based on the 
measured peak current Ipeak as followsi 

if the computed ratio is more than 3.1, an adjusted peak 
current sum Ipeak’ is computed based on the measured 
peak current Ipeak as follows: 

where R is the peak to valley current ratio. 
The peak current sum is not adjusted if the computed 

ratio is more'than 4.0. This ratio value indicates that a 
de?brillation discharge to a resistive load (such as a 
patient), and not a test discharge to the shorting bar, 
occurred. As explained above, the load resistance of the 
discharge circuit determines the peak and valley pulse 
currents, and thus the peak to valley current ratio. 
When a de?brillation pulse is discharged to a patient, 
there is little or no current valley, and the ratio is above 
4.0. Thus no special test indicator must be operator 
activated when a test is to be performed; the micro 
processor automatically detects this via the peak to 
valley current ratio. All that is required is for the energy 
of the test to be set at 100 joules—the current waveform 
computations are based on this energy value. If the ratio 
is above 4.0, no test results are displayed to the opera 
tor. 

For test discharges, the adjusted peak current value is 
compared to a preset range of current values to deter 
mine if the de?brillation pulse is acceptaple. If the peak 
current falls between 65 A and 78 A, the microproces 
sor displays a “Test OK” message on the portable unit’s 
screen. Conversely, if the peak current does not fall 
within the range, a “Test Failed” message is displayed 
for the operator. 

Further waveform analysis may be completed. For 
example, the total energy of the pulse may be computed 
by numerically integrating the pulse current value, 
squared, multiplied by the inductor parasitic resistance 
over the duration of the pulse (216). Based on this en 
ergy value, and the initial capacitor voltage sample 
value, the capacitor value may be veri?ed. 
Other waveform analysis includes determining the 

pulse width by detecting the zero crossings of the cur 
rent waveform. Additionally, the rise and fall times of 
the waveform may be computed based on the voltage 
sample values and their corresponding sample times. 
As an alternative to the microprocessor, analog and 

digital hardware may be implemented to perform the 
various waveform computations. For example, as de 
scribed above, an operational ampli?er con?gured as an 
integrator may be used to complete the various integra 
tion calculations. Other hardware circuitry correspond 
ing to the sampling, scaling, and comparing functions of 
the microprocessor may similarly be implemented. 
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Other embodiments are within the following claims. 
For example, certain of the features relating to the de 
?brillator could be incorporated in a unit not having 
pacemaking capability. 
What is claimed is: ' 

1. An electrical energy discharge apparatus of the 
type that generates de?brillation energy pulses used to 
defibrillate a ?brillating heart of a patient, said dis 
charge apparatus comprising an electrical inductor hav 
ing a characteristic inductance for shaping the de?bril~ 
lation energy pulses, and electrical capacitor for storing 
de?brillation pulse energy before the energy is dis 
charged, and means for discharging the capacitor to 
generate the de?brillation pulse, a sense winding would 
around the inductor for developing a sense voltage 
between ends of the winding in response to the current 
in the inductor as a de?brillation pulse is generated, and 
voltage measurement circuitry connected to the ends of 
the sense winding for measuring the sense voltage de 
veloped between the ends. 

2. The apparatus of claim 1 further comprising cur 
rent monitoring means connected to the voltage mea 
surement circuitry for determining the current in the 
discharge apparatus based on the characteristic induc 
tance of the inductor and the sense voltage developed 
between the ends of the sense winding. 

3. The apparatus of claim 2 further comprising sam 
pling means for sampling the sense voltage to produce 
voltage samples and to deliver the samples to the cur 
rent monitoring means. 

4. The apparatus of claim 3 wherein the voltage mea 
surement circuitry and the current monitoring means 
together are able to numerically integrate the sense 
voltage over time to determine the current in the dis 
charge apparatus. 

5. The apparatus of claim 2 wherein the electrical 
inductor comprises an air core choke. 

‘ 6. The apparatus of claim 5 wherein the electrical 
inductor comprises at least 1000 turns of wire. 

7. The apparatus of claim 2 wherein the sense wind 
ing comprises a copper band wound around the induc 
tor. 

8. The apparatus of claim 7 wherein the sense wind 
ing can withstand a 2500 V differential between an 
electrical inductor voltage and the sense winding volt 
age without malfunction. 

9. The apparatus of claim 3 wherein the current moni 
toring means comprises means for integrating the sam 
pled voltage values over time to produce current sam 
ple values. 

10. The apparatus of claim 9 further comprising 
means for comparing each of the current samples to 
determine the peak current in the de?brillation pulse. 

11. The apparatus of claim 10 further comprising 
means for comparing each of the current samples to 
determine the valley current in the de?brillation pulse. 

12. The apparatus of claim 2 further comprising 
means determining the resistance of a load at an output 
of the discharge apparatus based on the sense voltage, 
the characteristic inductance of the inductor, and the 
current of the de?brillation pulse. 

13. The apparatus of claim 2 further comprising 
means for determining the energy delivered in the de? 
brillation pulse based on the sense voltage, the charac 
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14 
teristic inductance of the inductor, and the current in 
the de?brillation pulse. 

14. The apparatus of claim 1 further comprising 
means for the measuring the sense voltage throughout 
the duration of the de?brillation pulse. 

15. A method for monitoring the current delivered in 
a de?brillation pulse generated by a de?brillation en 
ergy pulse discharge circuit comprising an electrical 
inductor having a characteristic inductance for shaping 
the de?brillation energy pulses, and an electrical capaci 
tor for storing de?brillation pulse energy before the 
energy is discharged, the method comprising 

discharging the capacitor to generate the de?brilla 
tion pulse, 

sensing the voltage of the electrical inductor with a 
sense winding wound around the inductor for de 
veloping a sense voltage between ends of the wind 
ing in response to the current in the inductor as a 
de?brillation pulse is generated, 

measuring the sense voltage, and 
determining the current in the de?brillation discharge 

pulse based on the characteristic inductance of the 
inductor and the sense voltage developed between 
the ends of the sense winding. 

16. The method of claim 15 further comprising the 
step of measuring the sense voltage. 

17. The method of claim 16 further comprising the 
step of determining the current in the de?brillation 
discharge pulse based on the characteristic inductance 
of the inductor and the sense voltage developed be 
tween the ends of the sense winding. 

18. The method of claim 17 wherein the sense voltage 
is measured throughout the duration of the de?brilla 
tion pulse. 

19. The method of claim 18 wherein the sense voltage 
is measured by sampling the voltage between the ends 
of the sense winding over time to produce sampled 
voltage values, and the sampled voltage values are used 
to determine the current in the discharge circuit. 

20. The method of claim 19 wherein the current in the 
de?brillation discharge pulse is determined by integrat 
ing the sampled voltage values over time to produce 
current sample values. ‘ 

21. The method of claim 20 further comprising the 
step of comparing each of the current sample values to 
determine the peak current in the de?brillation pulse 
generated by the discharge circuit. 

22. The method of claim 21 further comprising the 
step of comparing each of the current sample values to 
determine the valley current in the de?brillation pulses 
generated by the discharge circuit. 

23. The method of claim 17 further comprising the 
step of determining the resistance of a load at an output 
of the discharge circuit based on the sense voltage, 
characteristic inductance of the electrical inductor, and 
the current of the de?brillation discharge pulse. 

24. The method of claim 17 further comprising the 
step of determining the energy delivered in the de?bril 
lation pulse generated by the discharge circuit based on 
the sense voltage, characteristic inductance of the elec 
trical inductor, and the current in the de?brillation 
discharge pulse. 

t t i it 
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